The fate of all aerobic organisms is dependent on the varying intracellular concentrations of NADH and NADPH. The former is the primary ingredient that fuels ATP production via oxidative phosphorylation, while the latter helps maintain the reductive environment necessary for this process and other cellular activities. In this study we demonstrate a metabolic network promoting NADPH production and limiting NADH synthesis as a consequence of an oxidative insult. The activity and expression of glucose-6-phosphate dehydrogenase, malic enzyme, and NADP ؉ -isocitrate dehydrogenase, the main generators of NADPH, were markedly increased during oxidative challenge. On the other hand, numerous tricarboxylic acid cycle enzymes that supply the bulk of intracellular NADH were significantly downregulated. These metabolic pathways were further modulated by NAD ؉ kinase (NADK) and NADP ؉ phosphatase (NADPase), enzymes known to regulate the levels of NAD ؉ and NADP ؉ . While in menadione-challenged cells, the former enzyme was upregulated, the phosphatase activity was markedly increased in control cells. Thus, NADK and NADPase play a pivotal role in controlling the cross talk between metabolic networks that produce NADH and NADPH and are integral components of the mechanism involved in fending off oxidative stress.
If an aerobic organism is to survive, it is essential that an adequate supply of NADPH is available. This nicotinamide nucleotide provides a reductive environment that enables the oxidative cell to nullify the reactive oxygen species (ROS) generated as a consequence of oxidative phosphorylation, a process key to the generation of ATP (9, 18, 22) . All organisms that utilize oxygen as the terminal e Ϫ acceptor have evolved intricate molecular strategies that allow them to combat the inherent dangers associated with living in an aerobic environment (11, 26) . Catalase, superoxide dismutase (SOD), and glutathione peroxidase are some of the enzymes that help decrease oxidative tension during aerobic respiration (4) . However, the effectiveness of these proteins as the scavengers of ROS depends on the availability of NADPH. This nucleotide supplies the reductive power necessary to quell the oxidative potential of ROS. Hence, the production of this reducing agent is an integral part of the oxidative energy-generating machinery of all aerobic organisms. Production of ATP via oxidative phosphorylation cannot proceed effectively in the absence of a continual supply of NADPH (14, 31) .
Glucose-6-phosphate dehydrogenase (G6PDH), NADP ϩ -isocitrate dehydrogenase (ICDH-NADP ϩ ), malic enzyme (ME), 6-phosphogluconate dehydrogenase (6PGDH), and glutamate dehydrogenase-NADP ϩ (GDH-NADP ϩ ) are some of the important enzymes that enable aerobic cells to fulfill their requirement for NADPH (34) . NADH, which is generated essentially during the catabolism of acetyl-coenzyme A via the tricarboxylic acid (TCA) cycle, is a potent prooxidant as its downstream metabolism mediated by complexes I, III, and IV produces the majority of the ROS generated in aerobic organisms (13) . Although this metabolic network is provides the bulk of cellular energy, it can also create a highly oxidative environment that is harmful to the organisms. Hence, a fine balance has to be maintained between these two nicotinamide nucleotides if a cell is to function in an efficient manner. Thus, a normal functioning cell has to have adequate levels of NADPH and ATP and a small amount of NADH. On the other hand, a high concentration of NADH coupled with a low concentration of NADPH promotes an oxidative milieu, a condition conducive to cellular dysfunction and diseases (13, 36) .
As part of our study to elucidate the metabolic adaptation evoked by environmental stress, the impact of menadione, a generator of superoxide (O • 2 Ϫ ) in the metabolism of the soil microbe Pseudomonas fluorescens, has been examined. Here, the ability of this organism to survive in the presence of this toxicant by upregulating the production of NADPH and decreasing the synthesis of NADH is demonstrated. The participation of the TCA cycle and numerous NADPH-generating enzymes in combating the toxicity of menadione is discussed below. The intriguing influence of NAD ϩ kinase (NADK) and NADP ϩ phosphatase (NADPase), two critical modulators of metabolic pathways due to their abilities to regulate the availability of NAD ϩ and NADP ϩ , is also explained.
MATERIALS AND METHODS
Microbial growth conditions and isolation of cellular fractions. The bacterial strain P. fluorescens ATCC 13525 was obtained from the American Type Culture Collection and grown in a mineral medium containing (per liter of deionized water) 6.0 g Na 2 HPO 4 , 3.0 g KH 2 PO 4 , 0.8 g NH 4 Cl, 0.2 g MgSO 4 ⅐ 7H 2 O, and 4 g citric acid. Trace elements were present at concentrations described previously (1) . The pH was adjusted to 6.8 with dilute NaOH. The media were dispensed in 200-ml amounts into 500-ml Erlenmeyer flasks with foam plugs and autoclaved for 20 min at 121°C. Menadione (100 M) was added after the medium was autoclaved. (Note that the concentration of menadione used in oxidative stress studies is usually 50 to 500 M [35, 38, 40] .) The media were then inoculated with 1 ml of stationary-phase cells grown in a medium not amended with menadione on an aerated gyratory water bath shaker (model 76; New Brunswick Scientific) at 26°C at 140 rpm. The Bradford protein assay was performed in triplicate in order to determine the amount of cells in a culture by measuring the solubilized cellular proteins, and bovine serum albumin was used as the standard (3). The cells were treated with 1 M NaOH in order to solubilize the protein. The bacterial cells were harvested after various growth intervals and suspended in a FIG. 1. (a) HPLC analyses of soluble CFE from cells grown in control (panel I) and menadione (panel II) media. Cells were isolated at the same growth phase. The mobile phase was 95% 20 mM KH 2 PO 4 buffer-5% acetonitrile, the flow rate was 0.2 ml ⅐ min Ϫ1 , and UV detection was at 254 nm. (b) 13 C-NMR analysis of citrate metabolism in P. fluorescens isolated from control (panel A) and menadione-stressed (panel B) cultures. CFE (2 mg/ml) was incubated in a phosphate reaction buffer containing 5 mM [2,4- 13 C]citrate for 10 min. Known standards were used as references for the spectrum.
cell storage buffer (pH 7.3) consisting of 50 mM Tris-HCl, 5 mM MgCl 2 , and 1 mM phenylmethylsulfonyl fluoride. The cells were disrupted by sonication and centrifuged at 3,000 ϫ g for 30 min at 4°C to remove intact bacteria. Centrifugation at 180,000 ϫ g for 2 h resulted in a soluble cell extract (CFE) and a membrane CFE. The soluble fraction was further centrifuged at 180,000 ϫ g for 1 h to obtain a membrane-free system. The CFE fractions were kept at 4°C for up to 5 days, and various enzymatic activities were monitored.
Monitoring NADPH-producing enzymes: activity and protein expression.
ICDH-NADP
ϩ , G6PDH, ME, GDH-NADP ϩ , and 6PGDH were analyzed by monitoring NADPH production at 340 nm in triplicate (37) . Isocitrate, glucose-6-phosphate, malate, glutamate, and 6-phosphogluconate, respectively, at concentrations ranging from 1 to 5 mM were used as the substrates. The concentration of the cofactor (NADP ϩ ) ranged from 0.1 to 0.5 mM. The reaction was performed in 25 mM Tris-HCl buffer (pH 7.3) with 5 mM MgCl 2 and 0.1 mg protein ⅐ ml Ϫ1 of the soluble CFE for 15 min. For ICDH, ME, and GDH, the keto acids ␣-ketoglutarate (␣-KG) and pyruvate were also quantitated with the aid of 2,4-dinitrophenylhydrazine at 450 nm (30) . For ICDH activity, 4 mM malonate was added in order to inhibit isocitrate lyase (EC. 4.1.3.1). Controls consisted of the reaction mixtures without the CFE and substrates.
BN-PAGE, SDS-PAGE, and in-gel activity stains. Blue native polyacrylamide gel electrophoresis (BN-PAGE) was performed as described by Schagger and von Jagow (33) , with the following modifications. Sixty micrograms of proteins was prepared in BN buffer (50 mM bis-Tris, 500 mM ε-aminocaproic acid [pH 7.0]). Gels were electrophoresed under BN conditions; 80 V was used for the stacking gel, and the voltage was increased to 200 V when the proteins reached the separating gel. The blue cathode buffer (50 mM Tricine, 15 mM bis-Tris, and 0.02% Coomassie blue G-250 [pH 7 .0] at 4°C) was changed to the colorless cathode buffer (50 mM Tricine and 15 mM bis-Tris [pH 7 .0] at 4°C) once the running front reached halfway through the separating gel. Electrophoresis was stopped before the running front was out of the gel. The gels were placed subsequently in an equilibration buffer (25 mM Tris-HCl [pH 7.3], 5 mM MgCl 2 ) for 15 min. Immediately after incubation, the gels were placed in the Tris buffer described above containing 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyltetrazolium chloride (INT) (0.4 mg/ml), phenazine methosulfate (PMS) (0.2 mg/ml), and NADP ϩ (0.5 mM). For in-gel detection of ICDH-NADP ϩ , 0.1 mM NADP ϩ was used to ensure specificity. Formazan precipitation was utilized to visualize the active enzymes. Isocitrate (2 mM), glucose-6-phosphate (2 mM), malate (5 mM), and glutamate (5 mM) were the substrates for ICDH, G6PDH, ME, and GDH, respectively. Following identification of the specific activity bands, twodimensional (2D) BN-PAGE analyses were also performed under the conditions described previously (20) . 2D sodium dodecyl sulfate (SDS)-PAGE using a discontinuous buffer system was performed according to the method of Laemmli (16) . A 10% isocratic gel was used for these experiments. Samples were solubilized in 62.5 mM Tris-HCl (pH 6.8)-2% SDS-10% glycerol-2% 2-mercaptoethanol at 100°C for 5 min. Electrophoresis was carried out at a constant voltage of 200 V, and slab gels were fixed, stained, and destained according to standard procedures. The protein content was analyzed by Coomassie blue staining and subsequent densitometric analysis (SCION Corporation, Frederick, MD). Controls consisted of reaction mixtures without substrate and cofactors. Analyses of NADH-generating enzymes.
, malate dehydrogenase (MDH), and pyruvate dehydrogenase (PDH) were analyzed by monitoring the formation of NADH at 340 nm in triplicate (37) . Isocitrate, ␣-KG, glutamate, and pyruvate, respectively, were the substrates used. The cofactor was NAD ϩ (0.1 and 0.5 mM), and the reaction was performed in 25 mM Tris-HCl buffer (pH 7.3) with 5 mM MgCl 2 and 0.1 mg ml Ϫ1 protein equivalent of the membrane CFE for 15 min. Coenzyme A was utilized as a cofactor for PDH and ␣-KGDH. For ICDH-NAD ϩ , ␣-KGDH, GDH-NAD ϩ , and PDH, the keto acids ␣-KG and pyruvate were also quantitated using 2,4-dinitrophenylhydrazine at 450 nm (30) . Controls consisted of the reaction mixtures without the CFE and substrates. BN-PAGE was performed as described above with the following modification. Sixty micrograms of proteins from membrane CFE was prepared in BN buffer containing 1% maltoside. Following electrophoresis, gels were equilibrated for 15 min in Tris-HCl buffer and then placed in the same buffer containing INT (0.4 mg/ml), PMS (0.2 mg/ml), and NAD ϩ (0.5 mM). For in-gel detection of ICDH-NAD ϩ , 0.1 mM NAD ϩ was used to ensure band specificity. Isocitrate (5 mM), ␣-KG (5 mM), glutamate (5 mM), malate (5 mM), and pyruvate (5 mM) were the substrates for ICDH-NAD ϩ , ␣-KGDH, GDH-NAD ϩ , MDH, and PDH, respectively. Following identification of specific enzymatic bands, 2D BN-PAGE and SDS-PAGE were also performed under the conditions described above.
In-gel activities of NADK, NADHK, and NADPase. NADK was analyzed as previously described by Mailloux et al. (21) . Soluble CFE proteins were electrophoresed as described above, and gels were incubated in equilibration buffer containing INT (0.4 mg/ml) and PMS (0.2 mg/ml) supplemented with NAD ϩ (0.5 mM), ATP (3 mM), isocitrate (5 mM), and ICDH-NADP ϩ (5 U). Following identification of specific enzymatic bands, 2D BN-PAGE and SDS-PAGE were also performed under the conditions described above. Controls consisted of reaction mixtures without substrate and cofactors. For detection of NADH kinase (NADHK), the gels were incubated with dichloroindophenol (16.7 g/ ml), NADH (0.5 mM), ATP (3 mM), oxidized glutathione (2 mM), INT (4 mg/ml), and glutathione reductase (5 U). NADPase activity was identified using native PAGE and enzyme-coupled assays. Sixty micrograms of soluble protein extract was electrophoresed using a Ponceau S cathode buffer (0.0125% [wt/vol] Ponseau S in cathode buffer) under native conditions. Reactions were carried out as described above in equilibration buffer containing 5 mM malate, 1 mM NADP ϩ , 10 U of MDH, INT, and PMS. Following band visualization the reactions were stopped using a destaining solution and documented. Band specificity was ascertained using known the phosphatase inhibitors okadaic acid (7.5 M) and sodium orthovanadate (1 mM) (28) . Exclusion of MDH was used to ensure band specificity. To evaluate the regulation of NADK and NADPase during oxidative stress, a 10-mg equivalent to menadione-exposed cells was introduced into citrate control medium and subsequently cultured for 8 h. Similar experiments were performed with control cells transferred into menadione-containing medium. Following the 8-h incubation, cells were isolated, and the activities of NADK and NADPase were assessed as described above.
Enzymatic activities after various growth intervals. Cells were harvested after various time intervals, and the cellular fractions were isolated. The ICDH-NADP ϩ , G6PDH, and ME activities and protein contents in the soluble CFE were analyzed by BN-PAGE, 2D BN-PAGE, and 2D SDS-PAGE. The ICDH-NAD ϩ , ␣-KGDH, and PDH activities and protein contents were analyzed in a similar manner with cells harvested after corresponding time intervals. In this case, membrane CFE was utilized.
The menadione-mediated regulation of enzyme activity and expression was achieved using recovery assays. Ten milligrams of protein equivalent of menadione-stressed cells was transferred to citrate (control) medium, and 10 mg of protein equivalent of control cells was transferred to menadione (100 M)-supplemented medium. Following incubation for 8 h, cells were harvested and the cellular fractions were isolated and assayed to determine enzymatic activities and protein concentrations. For comparative studies of enzymatic activities, cells were harvested at the same growth phase (i.e., 25 h for control cultures and 30 h for menadione cultures).
Metabolite analysis. The soluble CFE isolated from control and menadionestressed cells were used to determine the NAD(P) ϩ levels. Cell extract treatments were performed at neutral pH to ensure accurate measurement of the nucleotides (39); 2 mg/ml of protein equivalent to soluble CFE was heated gently for 2 min to remove proteins and lipids. Following removal of the precipitate, the supernatant was analyzed. Similarly, NADK activity was determined by assessing the nucleotide levels by high-performance liquid chromatography (HPLC). For NADK activity, 2 mg/ml of soluble CFE was incubated for 30 min at 26°C in a reaction buffer (25 mM Tris, 5 mM MgCl 2 ; pH 7.0) containing 1 mM NAD ϩ and 1 mM ATP (21) . Peaks were quantified using the EMPOWER software. The HPLC analysis was carried out with a Waters Alliance HPLC equipped with a Waters model 2487 UV-Vis dual-wavelength detector and a C 18 reverse-phase column (3.5 m; amide cap; 4.6 mm by 150 mm [inside diameter]; Symmetry column; Phenomenex, Torrance, CA). A mobile phase consisting of 95% 20 mM KH 2 PO 4 (pH 7) and 5% acetonitrile (dissolved in Millipore water) operating at a flow rate of 0.2 ml/min at the ambient temperature was utilized. The absor- bance was monitored at 254 nm. A neutral pH was maintained to ensure accurate measurement of the nucleotides. 13 C nuclear magnetic resonance ( 13 C-NMR) analyses were performed using a Varian Gemini 2000 spectrometer operating at 50.38 MHz for 13 C. Experiments were performed with a 5-mm dual probe (35°p ulse; 1-s relaxation delay; 8 kilobytes of data; 2,000 scans). Chemical shifts were referenced to standard compounds under the same conditions. CFE (2 mg/ml) was incubated for 10 min in a phosphate reaction buffer containing 5 mM [2,4- 13 C]citrate. The reaction was stopped by heating at 95°C for 5 min. Following removal of the precipitate, the 13 C-NMR was recorded.
Statistical analyses. Data were expressed as means Ϯ standard deviations. Statistical correlations of data were checked for significance using the Student t test (P Ն 0.05). All experiments were performed twice and in triplicate.
RESULTS
Metabolite analysis. In the presence of 100 M menadione P. fluorescens experienced a decreased growth rate. However, compared to the control cultures, in the stationary phase of growth, which was attained approximately 5 h later in the menadione-supplemented cultures, the biomass was similar. Thus, it appeared that the organism had adapted to this oxidative challenge. HPLC analyses of the nucleotides in the soluble CFE revealed marked variation in the nature of the species associated with the organism. In the cells isolated from the stressed cultures, peaks indicative of NADP ϩ were more abundant, while the levels of NAD ϩ were higher in the soluble CFE from the control cultures (Fig. 1) . The identities of the peaks were further confirmed by spiking the samples with known standards. The occurrence of the disparate metabolic pathways was also confirmed by 13 C-NMR studies. The disparity in the content of the distinct reducing factors prompted us to examine the metabolic changes that would trigger such a change. The main NADPH-generating enzymes were examined. Control cells were harvested at 25 h, while menadioneexposed cells were isolated at 30 h.
Oxidative stress promotes NADPH production. The level of ICDH-NADP ϩ , an enzyme usually associated with the cytoplasmic fraction, was found to be at least threefold higher in the stressed cultures, while the level of G6PDH, a key component of the pentose phosphate pathway, was fourfold higher than the level in the control (Table 1) . Similar increases in the microbe cultured in menadione-supplemented medium were observed for ME, GDH-NADP ϩ , and 6PGDH, enzymes known to participate in the production of NADPH. A time profile analysis of ICDH-NADP ϩ indicated that there was a sharp increase in the activity of this enzyme at 25 h. A threefold increase was recorded (Fig. 2a) . BN-PAGE analyses revealed the same pattern; however, two bands corresponding to ICDH-NADP ϩ activity were evident (Fig. 2b) . It is important to note that these activity bands were observed with 0.01 to 0.1 mM NADP ϩ . One of the bands was absent in the control even when the reaction mixture was incubated for longer periods. In an effort to detect the amount of protein associated with these activity bands, the bands were excised and analyzed by 2D SDS-PAGE. Coomassie blue staining revealed significant amounts of protein associated with the activity bands from the menadione cultures (Fig. 2c) . No band was evident with band I in the control cultures, thus pointing to an ICDH-NADP ϩ isoenzyme only in the cells from the menadione medium. This activity was also confirmed by HPLC. The appearance of ␣-KG and the decrease in the isocitrate peaks in the soluble CFE from cells grown in the menadione cultures occurred within minutes. In the control CFE, only an isocitrate peak was observed (data not shown). To further elucidate the influence of menadione on the expression of ICDH-NADP ϩ , cells grown in the control medium (25 h) were transferred to the menadione medium, while cells harvested from menadione cultures (30 h) were incubated in the control medium. There was a sharp increase in ICDH-NADP ϩ activity in the control cells exposed to menadione for only 8 h (Fig. 2d) . The reverse trend was evident in the menadione culture cells incubated in the control medium. A sharp decrease in ICDH-NADP ϩ activity was evident. This clearly established the pivotal role that oxidative stress plays in the upregulation of this NADPH-generating enzyme.
There was also a significant difference in the nature of G6PDH in the control and menadione-challenged cells. In the latter cells, three intense bands corresponding to the activity of this enzyme were evident, compared to two bands in the soluble CFE from the control cells (Fig. 3a) . Band II was completely absent, while band I was evident after 24 h of incubation in the control cells. 2D BN-PAGE and SDS-PAGE revealed marked variation in the protein content associated with these bands in the CFE from the stressed cultures com- pared to the control (data not shown). In addition, an activity band corresponding to decarboxylation of malate to pyruvate by ME was prominent only in the soluble CFE from the stressed cells (Fig. 3b) . 2D BN-PAGE analysis of the activity band indicated that there was a sharp increase in the expression of ME in the cultures subjected to oxidative stress (data not shown). The GDH-NADP ϩ activity in the soluble CFE isolated from the cells grown in menadione medium was significantly higher than that in the control (Fig. 3c) . Analysis of the protein bands obtained following 2D SDS-PAGE by the SCION image software revealed a fourfold increase in protein associated with GDH-NADP ϩ activity in the soluble CFE from the menadione cultures. Quantification of the bands confirmed the observed increase in the activity of GDH-NADP ϩ . The activity of NADHK was also markedly increased in the menadione-stressed cells (Fig. 3d) . The purity of the CFE preparations was verified by monitoring the activity of G6PDH, a cytoplasmic enzyme, and succinate dehydrogenase (SDH), a membrane-bound enzyme. No in-gel activity was observed in the membrane CFE for G6PDH and succinate dehydrogenase in the soluble CFE (data not shown).
NADH-generating enzymes. Examination of the NADHforming enzymes revealed an entirely different activity profile. In this case, a marked decrease in NADH was evident in the menadione cultures. Critical enzymes of the TCA cycle that supply the reducing factors for oxidative phosphorylation were significantly downregulated in response to menadione stress. While a threefold decrease was observed for ICDH-NAD ϩ , there was a sixfold decrease in ␣-KGDH activity in the membrane CFE from the menadione cultures (Table 2) . Similar declines were observed with PDH and GDH-NAD ϩ . No significant variation was observed with MDH.
ICDH-NAD ϩ activity varied with the incubation time. A marked decrease in the menadione cultures was evident after 25 h of incubation ( Fig. 4a and b) . The protein content associated with the bands was also lower than the content in the control. The activity of ␣-KGDH, a pivotal metabolic enzyme that provides NADH and also essential precursors for amino acid synthesis, was significantly diminished in the membrane CFE isolated from the menadione cultures. Indeed, the diminished activity corresponded to decrease protein expression, as revealed by 2D electrophoretic analysis (Fig. 4c) . The key role of menadione in modulating the activity of this enzyme was further shown by transferring control cells into the menadione medium. In this case, a sharp decline in ␣-KGDH activity was evident (Fig. 4c) . In-gel activity as determined by BN-PAGE confirmed the significant changes observed by spectrophotometric analyses. HPLC studies provided further evidence for the decline in ␣-KGDH activity in the menadione-stressed cultures. Membrane CFE isolated from the stressed cells was unable to metabolize ␣-KG, while control membrane CFE decarboxylated ␣-KG to produce succinate, fumarate, and malate. Incubation of control membrane CFE with labeled citrate and NAD ϩ resulted in a faster reaction, with numerous peaks attributable to the metabolites of the TCA cycle. No such peaks were evident with the membrane CFE isolated from the menadione-grown cells (data not shown). A similar decrease in protein expression in the case of GDH-NAD ϩ was also evident (Fig. 5a ). In addition, activity staining for PDH also revealed the diminished ability of this NAD ϩ -dependent enzyme to metabolize pyruvate in the cells isolated from the menadione cultures (Fig. 5b) .
NADK and NADPase. The modulation of the biosynthesis of NADPH and NADH prompted us to examine the precursors that feed these metabolic processes, namely, NADP ϩ and NAD ϩ . One of the crucial enzymes in the homeostasis of these two reduced nucleotides is NADK. The regulation of this enzymatic activity can easily allow an organism to switch between a reductive state and an oxidative state. Incubation of the soluble CFE isolated from the menadione-challenged cells with NAD ϩ and ATP showed that there was a significant increase in the activity of NADK (Fig. 6a) . A pronounced peak at 14.5 min attributable to NADP ϩ and a decreased NAD ϩ peak at 24 min were evident. The hydrolysis of ATP to ADP was also noticeable. These observations were further confirmed by assessing the in-gel activity of the NADK. The formation of NADP ϩ at the site of NADK activity was monitored with the aid of ICDH-NADP ϩ (Fig. 6b) . A dark band was evident in CFE from the stressed cells, while the band resulting from the control CFE was barely evident. 2D BN-PAGE revealed more protein associated with the activity band obtained from menadione cultures (Fig. 6c) . To further evaluate the notion that oxidative stress caused an increase in NADK, we introduced menadione-treated cells into medium containing citrate. The cells were incubated for 8 h. The menadionetreated cells exhibited virtually no change in NADK activity when they were exposed to citrate-containing medium (Fig.  6d) . In contrast, control cells incubated in menadione-containing cultures displayed an increase in NADK activity. The NADPase activity was more pronounced in the control cultures than in the menadione cultures. Furthermore, exposure of menadione-treated cells to control medium resulted in an increase in the activity of NADPase (Fig. 7a) . The activity bands corresponding to NADPase were confirmed using known phosphatase inhibitors (Fig. 7b) . In addition, HPLC analysis of NADPase activity further confirmed the diminished ability of menadione-stressed cells to hydrolyze the phosphoester bond associated with NADP ϩ (data not shown). Thus, the production of NADP ϩ and the production of NADPH were markedly increased in the cells subjected to oxidative stress.
DISCUSSION
NADH and NADPH are the two reduced nicotinamide nucleotides that constitute the basis of life. The former provides ATP in all aerobic organisms via the process of oxidative phosphorylation, while the latter helps nullify the oxidative envi- ronment triggered by the oxidation of NADH. Hence, their regulation is intricately linked to the survival and proliferation of all organisms that utilize oxygen as an e Ϫ sink (12, 29) . An imbalance in the concentrations of these moieties leads to cellular dysfunction, diseases, and death. A reductive environment promoted by NADPH is essential for normal cellular activity. The data presented in this paper reveal the interplay between these two reducing factors during the oxidative stress triggered by menadione. There appears to be a metabolic shift that promotes the enhanced production of NADPH and diminished synthesis of NADH in menadione-challenged cells.
This metabolic network is modulated by the availability of NAD ϩ and NADP ϩ via the activities of NADK and NADPase. Superoxide is a potent oxidant and is known to oxidize Fe-S clusters in proteins and membranes and essential sulfydryl groups in vital enzymes. This toxicant, which is also part of normal cellular metabolism, is detoxified essentially with the aid of SOD and catalase (23, 27 and other ROS, there is a dearth of information on the metabolic modules that are an integral part of this detoxification strategy in all aerobic organisms (6, 23, 27) . These frontline enzymes in the defense against ROS are ineffective in the absence of a reductive moiety. NADPH is, in fact, the real force that mediates the functioning of these enzymes. Once the ROS have been detoxified, the enzymes have to be recharged directly or indirectly with the help of NADPH (19, 22, 34) . Glutathione, which is required for the activity of glutathione peroxidase, has to be regenerated with the participation of glutathione reductase, an enzyme that utilizes NADPH as the cofactor (11, 26) . Similarly, catalase is oxidized during ROS detoxification, and reduction of the Fe, an essential component of this heme enzyme, is effected with the aid of NADPH. Hence, understanding the homeostasis of NADPH is essential if one is to appreciate the global network involved in the detoxification of ROS. In this study, numerous key enzymes involved in NADPH production were upregulated in an effort to mitigate the oxidative stress imposed by menadione. Isoenzymes associated with ICDH-NADP ϩ and G6PDH were also evident. Hence, the creation of a reductive environment mediated by the enhanced formation of NADPH is instrumental to the survival of any organism in an oxidative environment. The role of NADPH in diminishing oxidative tension has been well documented (8, 25) , and the importance of ICDH-NADP ϩ in creating a reductive environment has begun to emerge only recently (2, 15, 17, 24) . The presence of this enzyme in the peroxisome has been linked to the ability of this organelle to neutralize H 2 O 2 (7). It is important to note that in this instance NADHK also contributed to the NADPH budget during oxidative stress. However, enhanced production of NADPH without a decrease in the synthesis of NADH may not be very effective. Hence, it is essential to limit the production of NADH, a generator of ROS in oxidative organisms.
In this case, the microbe appeared to decrease the production of NADH, a prooxidant responsible for generation of most of the ROS as a consequence of ATP production via oxidative phosphorylation. Although a decrease in ATP production would ensue, the diminution of NADH synthesis would indeed help reduce the oxidative burden of the cell. ICDH-NAD ϩ and ␣-KGDH, two key producers of NADH in the TCA cycle, were severely impeded, as were PDH and GDH-NAD ϩ . The reduction in NADH formation would decrease ROS production at the expense of the aerobic phosphorylation of ADP to ATP. This adaptation would confer on FIG. 8 . Critical role of NADK and NADPase in NAD ϩ and NADP ϩ homeostasis. These two enzymes regulate the metabolic networks involved in NADPH and NADH homeostasis during oxidative stress.
FIG. 7. (a)
In-gel detection of NADPase in P. fluorescens cells exposed to control conditions (lanes A), P. fluorescens cells exposed to menadione stress (lanes B), menadione-stressed cells exposed to control medium (lane C), and control cells exposed to menadione medium (lane D). Note that cells were isolated at the same growth phase (25 h for control cells and 30 h for menadione-stressed cells). Reaction mixtures lacking MDH were used to evaluate the position of ME and ensure band specificity for NADPase. (b) Evaluation of the sensitivity of the NADPase activity band for known phosphatase inhibitors. P. fluorescens was isolated from control medium (lanes A) and menadione stress medium (lanes B) and subsequently tested for NADPase activity. Reaction mixtures containing either sodium orthovanadate (1 mM) or okadaic acid (7.5 M), two known phosphatase inhibitors, were used to confirm band specificity. Note that cells were isolated at the same growth phase (25 h for control cells and 30 h for menadionestressed cells).
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at Laurentian Univ on August 31, 2007 jb.asm.org the cell the ability to survive in the presence of oxidative tension, albeit to the detriment of ATP synthesis. This is the first demonstration of a global strategy to enhance NADPH production and to decrease the activity in the TCA cycle, the main metabolic network responsible for NADH formation. Although disparate metabolic networks are involved in the syntheses of NADH and NADPH, these processes can be regulated by enzymes that mediate the conversion of NAD ϩ into NADP ϩ . NADK mediates the conversion of NAD ϩ to NADP ϩ , and NADPase effects the transformation of NADP ϩ into NAD ϩ . These enzymes, by modulating the intracellular concentrations of NAD ϩ and NADP ϩ , can act as potent regulators of NADPH and NADH metabolic networks. The results of this study indeed point to instrumental roles of NADK and NADPase in combating oxidative stress. NADK was upregulated in the microbe exposed to menadione, while NADPase was downregulated. Thus, it is quite conceivable that the conversion of NAD ϩ to NADP ϩ decreases the availability of the former. This decrease in NAD ϩ has a negative influence on the TCA cycle, a metabolic network which is the main engine that supplies the reducing equivalents for the production of ATP via oxidative phosphorylation. The diminution in the level of NAD ϩ impedes NADH production and also lowers the oxidative stress of the cell since ROS production as a consequence of oxidative phosphorylation is reduced. Hence, NADK and NADPase may be powerful effectors of the metabolic state of the cell, influencing ATP production and intracellular oxidative tension. The ability of NADK to synthesize NADP ϩ has a positive influence on the metabolic modules involved in the production of NADPH, hence providing the reductive environment essential for neutralizing oxidative stress (5, 10, 32) . The upregulation of NADK and the downregulation of NADPase may serve the dual purpose of diminishing oxidative stress by enhancing the production of NADPH and diminishing the formation of NADH. Hence, the modulation of NAD ϩ and NADP ϩ mediated by NADK and NADPase may dictate the metabolic routes that an organism follows during oxidative stress. Figure 8 depicts such a possible metabolic shift during oxidative stress.
In conclusion, this study shows that a global understanding of any biological process is critical if one is to appreciate how living systems function. Although ROS-detoxifying enzymes, such as catalase and SOD, are important in nullifying oxidative stress, the efficacy of these enzymes depends on the reductive environment promoted by NADPH. However, the production of NADPH is governed by the supply of NADP ϩ , a process that is mediated by NADK and NADPase. The upregulation of the kinase and the downregulation of the phosphatase decrease the level of NAD ϩ , a situation that effectively impedes metabolic networks that participate in the production of ROS. On the other hand, a concomitant increase in NADP ϩ promotes NADPH production, thus further decreasing the oxidative tension. This metabolic strategy may be essential if the organism is to survive in an oxidative environment. Hence, the flux of metabolites may be a critical factor determining the metabolic pathways that a cell may follow. This is the first demonstration of how NADK and NADPase may dictate the redox potential of a cell by modulating the levels of NAD ϩ and NADP ϩ .
